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Introduction
Track theory (1) connects the response of a 
detector of gamma rays to action cross sections 
through the radial distribution of dose. For this 
model the central contribution of atomic phys-
ics is the radial distribution of dose, at all dis-
tances from the ion’s path, for all detector 
media, and for ions of all energies. The informa-
tion available from experiment or from a priori 
calculation is very limited. At this time any at-
tempt to explain experimental action cross sec-
tions from track theory depends on the devel-
opment of an extrapolative dose formula which 
is verified to the extent possible by comparison 
with existing data.
Such a dose formula has been developed us-
ing a power law expression for the electron range, 
an assumption of normal ejection, the Ruther-
ford formula for delta ray production from a me-
dium having an ionisation potential I (=10 eV), a 
power law electron range-energy relation (using 
constants measured for aluminum), and the Bar-
kas formula for effective charge. While these pro-
cedures are somewhat arbitrary we must keep in 
mind that we do not seek a rigorous ab initio de-
velopment but rather a formula which agrees 
with both measurement (2–5) and and calculation 
(6) of the dose distribution. With this formula our 
calculations for the inactivation of dry enzymes 
and viruses are now within about 15% of the ex-
perimental data, much improved from our ear-
lier work.(7) We discuss these results in greater 
detail elsewhere in the present symposium (see 
Zhang et al, pp. 215-218). 
Thindown arises from the variation of the 
maximum radial penetration of delta rays with 
ion speed. The dose at these distances must re-
sult in inactivation of a large fraction of the sen-
sitive targets near the region of greatest delta ray 
penetration. Our assumption of normal ejection 
is expected to overestimate this distance and 
thus to yield an overestimate of the cross sec-
tions at thindown. Here we have no guidance 
from experiment to test our formula. We have 
adjusted this distance to give the best agreement 
between our calculations and the measurements 
for mammalian cells in the thindown region. 
Our thesis, that the branching with Z of plots 
of the cross section for cells as a function of LET 
is a function of the kinematic constraint on the 
delta ray distribution rather than of biology, is 
well supported by similar studies of the response 
of TLD crystals (8,9) and inorganic scintillators,(10) 
as well as observations with nuclear emulsions. 
In the track width regime, as the ion slows down 
toward the Bragg peak and the dose near max-
imal delta ray penetration suffices to activate a 
large fraction of sensitive targets in the region, 
the cross section reflects the radial penetration 
of the electrons much more than the energy loss 
of the ion. It reflects the ion’s speed rather than 
the LET. Target size and structure also play a 
role, important in the radiobiology of mamma-
lian cells where the sub-nuclear target structure 
is both complex and relatively unknown. 
The biological findings we seek to explain 
are the action cross sections for the inactivation 
of spores,(11) yeast, (12) and mammalian cells (13) 
by very heavy ions, measured at the UNILAC. 
These data are not wholly consistent with the 
demands of track theory. We expect, but do not 
always find, that survival curves are exponen-
tial for bombardments with ions heavier than 
neon, at energies less than 10 MeV.amu–1. We 
interpret this disagreement as an experimen-
tal problem, but are uncertain as to whether 
it arises from physics (as from non-uniform 
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beams) or biology. The available survival data 
for both spores and yeast cells suffer this diffi-
culty somewhat more than those reported for 
mammalian cells. In consequence we focus our 
attention on the mammalian cell data. 
Details of the Model; Results
The model we have used for mammalian 
cells makes use of a hypothetical sub-nuclear 
target of radius a0, whose response to gamma 
rays has the functional form of the multitarget 
statistical model. It thus has additional param-
eters m and E0. We take it that there are inter-
nal targets in the nucleus, rather like beans in a 
bean bag, whose number, radiosensitivity, and 
position are unknown, but that perhaps m of 
these must be inactivated for cellular inactiva-
tion. The collective effect of these is represented 
by our single sub-nuclear target. We calculate 
the action cross section for this target, and pro-
pose that it is proportional to the action cross 
section for the irradiated cell. Thus, if empiri-
cally we can determine the numerical values of 
these three parameters for a cell and the propor-
tionality constant relating the target cross sec-
tion to the cellular action cross section, we can 
calculate the ion kill cross section for all particle 
beams. This is to be compared with the exper-
imental cross section at high LET, in the track 
width regime. 
Almost 15 years ago parameters of this 
model were fitted to survival data for ham-
ster cells. We thus have cellular radiosensitiv-
ity parameters E0, κ, σ0, and m. From κ and E0 
we have extracted the value of a0 appropriate 
to these cells. We have then calculated the ac-
tion cross sections for this sub-nuclear target for 
a series of bombardments with energetic heavy 
ions. We apply a proportionality factor deter-
mined from the ratio of the “plateau” values of 
the experimental and calculated cross sections 
Figure 1. From cellular radiosensitivity parameters fitted to the survival data for Chinese hamster cells in 1971, in-
activation cross sections have been calculated for the hypothetical sub-nuclear target appropriate to these cells for 
a series of energetic heavy ions. These are multiplied by an appropriate proportionality factor to bring them into 
agreement with the ion-kill cross sections for the cells in the grain count regime. The new calculations then extend 
the earlier results into the track width regime. Data of Skarsgaard et al. (see Reference 1) from which the parame-
ters were extracted, and the more recent data of Kraft et al.(13) are superimposed on the curves, plotted as the ex-
trapolated cross sections relative to z*2/β2. Note that the “hooks” in the calculated curves, at the right, do not lie 
on the experimental data. 
a0 = 1.23 × 10–4 cm2 E0 = 1.82 × 10–3 J.cm3
σ0 = 4.28 × 10–7 cm2 m = 3
k = 1100
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to extend the cross sections fitted to the earlier 
data into the track width regime to be expected 
from the newer bombardments at GSI. 
We show in Figure 1 the curves which result 
after calculation. We plot the extrapolated cross 
section against z*2/β2. The value of all calculated 
cross sections, S, for the hypothetical target have 
been multiplied by 9.0, so that the newly calcu-
lated cross sections for neon and lighter particles 
coincide with the plot of ion kill cross sections 
determined from the original parameter fits. In 
Figure 1 the solid lines are ion kill cross sections 
while the dashed lines represent extrapolated 
cross sections, including the effect of gamma kill. 
Note that at highest LET the locations of the cal-
culated “hooks” do not correspond to the exper-
imental findings. We attribute this failure of the 
model to our anticipated over-estimate of the 
maximal radial delta ray penetration. 
A better result is obtained if the maximal ra-
dial penetration T is reduced by factor 5 in our 
expression for the radial dose distribution. Ex-
cept in the outermost decade the dose distribu-
tion is but little altered by this change, as shown 
in Figure 2 calculated for protons at three dif-
ferent speeds, β = 0.10, 0.15, and 0.30. Since the
Figure 2. To repair the disagreement between cal-
culation and observation we have constrained the 
maximum radial penetration of delta rays, T, as cal-
culated from the assumption that delta rays are nor-
mally ejected to T/5. The effect of this constraint on 
the radial distribution of dose, for protons. is calcu-
lated from our formula for three ion speeds, β = 0.10, 
0.15, 0.30, as shown.There is little change in the distri-
bution except in the outermost decade. In each part of 
the figure: α = 1.667 and T → T/5. 
(a) E = 4.7 MeV.amu–1, β = 0.10
(b) E = 10.6 MeV.amu–1, β = 0.15
(c) E = 44.9 MeV.amu–1, β = 0.30
Figure 3. Using the dose distribution based on maximal radial penetration of delta rays of T/5, we have recalcu-
lated the ion-kill cross sections. The agreement with data is substantially improved over that of Figure 1. Symbols 
etc. as for Figure 1. 
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dose varies roughly as r–2, nearly equal energy is 
deposited in each radial decade. The fractional 
energy suppressed in our calculation by this re-
duction in T is something less than the recipro-
cal of the number of decades from 10–10 m to T. 
In Figure 3 we show the recalculated cross 
sections. For heavier ions one notes a small al-
teration, of the order of 10%, in the value of the 
calculated cross sections except at the location 
of the “hooks” where the change is substantial. 
The calculated cross sections in this region have 
now been brought into agreement with experi-
mental data. 
There remain some discrepancies which re-
quire further examination. Particularly the mea-
sured cross section for fast uranium ions, deter-
mined at Berkeley, seems inconsistent with our 
calculations. It is possible that this inconsistency 
is due to our very poor knowledge of the radial 
dose distribution from fast uranium ions. A sec-
ond problem arises from the relatively large dif-
ference between the physically measured cross 
sectional area of the cell nucleus and the plateau 
value of the inactivation cross section. For this 
we have no explanation, but observe that the 
physical size of sensitive volumes and the pla-
teau value of the inactivation cross section are 
much closer for spores and yeast cells. We see 
this as a biological problem rather than a physi-
cal one. Our model does not speculate about the 
relative sizes of these quantities, other than to 
note their approximate equality. 
Our results further emphasise the impor-
tance of accurate knowledge of the average ra-
dial dose distribution over the entire range of 
radial distances in which energy is deposited. 
It is not enough to calculate or to measure out 
to distances where, say, 90% of the total en-
ergy is included. We need measurements of the 
dose distributions. We need as source functions 
the singly (or preferably the doubly) differen-
tial cross sections for delta ray production for 
input into Monte Carlo calculations. We need 
measured cross sections for enzymes and vi-
ruses (along with gamma ray D37 doses) with 
which to test these dose distributions. Such in-
formation is prerequisite to a quantitative un-
derstanding of heavy ion radiobiology. 
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